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Polycrystalline samples of HoxTb2−xTi2O7 (0 < x < 2) have been prepared and characterized for their structural
and magnetic properties. The parent compounds of this solid solution are the spin ice Ho2Ti2O7 and the spin
liquid Tb2Ti2O7. Specific-heat measurements on HoTbTi2O7 (x = 1.0) reveal the absence of a long-range order
state above 0.5 K. The integrated entropies of all HoxTb2−xTi2O7 specimens up to 30 K scale well with the ratio
of spin ice and spin liquid in the composition. The neutron diffraction spectrum of HoTbTi2O7 exhibits a dipolar
spin-ice pattern and can be well described by mean-field theory for 〈111〉 Ising spins, nearest-neighbor exchange,
and dipolar interactions. Inelastic neutron scattering on HoTbTi2O7 reveals two dispersionless excitations, one of
∼2.5 meV out of the ground state, and a 4-meV transition out of an excited state. We argue that these data suggest
that the very strong single-ion effects of Ho2Ti2O7 and Tb2Ti2O7 persist in the HoxTb2−xTi2O7(0 < x < 2) solid
solution, whereas the Tb-Ho correlations are weak, resulting in small shifts in the energy scales but with no
dramatic effect on the bulk properties.
DOI: 10.1103/PhysRevB.83.144413 PACS number(s): 28.20.Cz, 75.50.−y
I. INTRODUCTION
A2B2O7, where A is a rare-earth ion and B is a transition-
metal ion, compounds forming a pyrochlore oxide structure
have attracted significant attention from both experimental
and theoretical physicists in the past two decades owing to
their remarkable low-temperature magnetic properties.1,2 In
pyrochlore oxides, as well as in other geometrically frustrated
magnets, a delicate balance between the exchange and dipolar
interactions, single-ion anisotropy, and the underlying geome-
tries drives the systems into novel magnetic ground states.
These distinguished properties include a spin-glass state with
very little, or no, structural disorder,3,4 collective paramag-
netism or spin-liquid behavior,5 and the most interesting and
extensively studied behavior of dipolar spin ice.6–9 Among
the pyrochlore oxide family, Ho2Ti2O7, Ho2Sn2O7, Dy2Ti2O7,
and Dy2Sn2O7 have been identified as spin-ice materials and
they can be modeled by a spin model with an 〈111〉 Ising-type
anisotropy and a net ferromagnetic interaction.6–10 Tb2Ti2O7
is a fluctuating spin-liquid state at low temperature 5,11–14 and,
to date, there exists no model that can adequately describe all
the physical properties observed in Tb2Ti2O7.
The magnetic ground states’ organizing principles of spin
ice require that two spins should point in and two out of
each elementary tetrahedron in the lattice occupied by the
rare-earth ions. As in water ice, the spin ice has a degeneracy
of energetically preferred states that generates a “zero-point”
or residual entropy as the temperature approaches absolute
zero.15 This “two-in, two-out” ice rule is stabilized by the long-
range dipolar interactions associated with the large moments
in the system. This explains the recent studies on diluted
spin ice (e.g., replacing Ho or Dy with nonmagnetic Y) or
stuffed Ho spin-ice materials (adding more rare-earth ions)
where the spin-ice state persists even when the amount of
doping is as high as 40%.15 Similarly, relaxation measurements
by neutron spin echo16 and ac susceptibility17 showed that
spin dynamics in spin-ice compounds is significantly less
sensitive to perturbations than one would naively assume.
The generally believed scenario for the magnetic correlations
in Ho2Ti2O7, and other spin ice is that the spins in each
tetrahedron slowly relax through spin-flip processes involving
the crystal-field excitations until ∼15 K, below which this
is thermally improbable. A thermally independent process
continues to drive the system into the locally ordered state
of two in, two out, which is completed by ∼2 K. Below 2 K,
the system re-enters a thermally active regime, and this has
been associated with the mobility of defects in the ice rules
and the dynamics of so-called magnetic monopoles.18,19
In Tb2Ti2O7, the system remains in a paramagnetic state,
albeit sluggish, to temperatures as low as 15 mK, but short-
range (∼5 A˚) correlations develop below 100 K, which are
characteristics associated with a cooperative paramagnetic
or spin-liquid state.5,12,14 The Curie-Weiss law fit through
the high-temperature susceptibility of Tb2Ti2O7 estimates the
Tb3+ moment of 9.6 μB, almost the full free moment, and
the Curie-Weiss temperature of −19 K.12 Further studies
on the Y diluted Tb2Ti2O7 samples successfully estimated
the interactions of the crystal field, dipolar, and exchange
contributions to the Curie-Weiss temperature as −6, −2, and
−11 K, respectively.5 The Tb3+ configuration was proposed
as classical Ising spins constrained to point along local
〈111〉 directions with the mutual interactions of longer-range
magnetic dipole interactions and near-neighbor antiferromag-
netic exchange interactions.5,14 Neutron diffraction experi-
ments revealed that the system has developed short-range
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antiferromagnetic correlations up to temperatures as high as
100 K,12 which grow very little in range but increase in
volume as the system cools.20 Inelastic neutron scattering and
heat-capacity measurements confirmed the first excited and
ground states of the system, both doublets, are separated by
about 18 K.14 Heat capacity also reveals a T2 dependence
appropriate of a three-dimensional dynamical system.5 The
excitation partially softens at the first maximum in the
magnetic structure factor when spin-spin correlation appears
below 20 K (Refs. 12 and 14), which can be described by a
model including single-ion excitations from the ground-state
doublet to higher crystal-field levels.21
Here we report the studies of the magnetic behaviors
of the mixture compounds of spin ice Ho2Ti2O7 and spin
liquid Tb2Ti2O7. After considering the correlations between
Ho3+ and Tb3+, one would naively expect the spin-ice and
spin-liquid states to yield either a long-range order or more
realistically a spin-glass state at low temperatures. In fact,
a recent magnetothermal study of another spin-ice and spin-
liquid mixture22 revealed distinct differences in its properties
to that of the parent compounds. However, more studies,
including neutron scattering studies, are desirable to address
the crystal-field level quantitatively and to determine the true
ground-state Hamiltonian. These studies may also address
some of the subtle difference between the canonical spin-ice
materials, namely, Ho2Ti2O7 and Dy2Ti2O7.
In our studies, powder x-ray diffraction was employed
to ensure a complete reaction and the formation of a pure
solid reaction. Magnetization and heat capacity were measured
for these mixtures down to ∼2 K, and their entropies were
calculated to investigate the ground state. Inelastic neutron
scattering measurements were carried out on the middle
composition mixture, namely, HoTbTi2O7, to examine directly
the spin dynamics, crystal-field transitions, and other inelastic
processes as a function of temperature. The diffraction con-
figuration exhibits liquidlike diffuse scattering pattern at low
Q. The results displayed the robustness of both ground states
despite the complete mixture of the elements. In hindsight,
since both the Ho3+ and Tb3+ ions are very Ising like, with
a strong preference to lie in the 〈111〉 direction, and the solid
solutions only relieve the ice rules slightly, while maintaining
a significant amount of degeneracy. The mixtures appear to
maintain the local properties of the parent compounds, while
the exact energy scales are altered slightly due to the ion
substitution.
II. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Sample preparation and characterizations
HoxTb2−xTi2O7 (x = 1.8, 1.5, 1, 0.5, and 0.2) polycrys-
talline samples were synthesized by the conventional solid-
state reaction methods. High-purity starting powder materials
of Ho2O3, Tb4O7, and TiO2 were mixed in stoichiometric
proportions, heated at 850 ◦C for 24 h, pressed into pellets,
and then sintered at 1150 ◦C for 48 h. Room-temperature x-ray
diffraction, using a copper target and x-rays with a wavelength
of 1.5418 A˚, was used to determine the nuclear structure and
phase purity. No impurity was found in the polycrystalline
samples, within sensitivity limits of a few percent, and
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FIG. 1. (Color online) (a) The powder x-ray diffraction pattern
and the indexes of main peaks for the HoxTb2−xTi2O7. Each spectrum
is offset vertically by a fixed amount for the purpose of clarity.
(b) Rietvelt refinements of the x = 1.0 sample. Data, fits, and Bragg
peak positions are shown. (c) The lattice parameters obtained from
all the Rietvelt refinements for HoxTb2−xTi2O7. The line is a guide
for the eye. The data for x = 0 and 2 (in red) are taken from Ref. 24.
all samples possessed the face-centered-cubic pyrochlore
structure as shown in Fig. 1(a). Rietvelt refinements, using
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the FULLPROF23 program, for x = 1.0 is shown in Fig. 1(b).
The lattice parameters obtained from the Rietvelt refinements
of the entire HoxTb2−xTi2O7 series are displayed in Fig. 1(c).
The data for x = 0 and 2 are taken from Ref. 24. The linear
dependence between end members and the fact that no peak
splitting was observed indicates that a complete mixing of the
cations was achieved in all specimens and no, or very little,
phase separation occurred.
B. Magnetization
The magnetic properties were measured by using a commer-
cial superconducting quantum interference device (SQUID)
magnetometer between 2–400 K in an applied field of 2 T, and
in a temperature range between 2 and 300 K in a smaller ap-
plied field of 0.002 T. The inverse dc susceptibilityχ−1 for each
sample is shown in Fig. 2(a). The inset highlights the deviation
from the linear Curie-Weiss (CW) behavior at low temperature
as the magnetic correlations develop. High-temperature (200–
400 K) fits of the susceptibility derive the CW temperatures
and the effective paramagnetic moments for HoxTb2−xTi2O7
[these are displayed in Figs. 2(b) and 2(c), respectively].
Unlike Ho2Ti2O7, which has a positive CW temperature,25
all HoxTb2−xTi2O7 mixtures show a negative CW temperature
elucidating a dominant antiferromagnetic coupling between
spins, even in the lightly doped Ho1.8Tb0.2Ti2O7. The CW
temperatures are all between −14 to −11 K, but, as discussed
later, a high-energy crystal-field level can affect these results.
The high-temperature paramagnetic moments derived by CW
law are shown in Fig. 2(c). The calculated moments vary
smoothly across the solid solution. As mentioned above,
results from CW fits are very sensitive to the temperature
range used. The CW law also described the data well between
10 ∼ 20 K. These data are collected below the temperature
appropriate for the lowest crystal-field excitation and, although
the calculated effective moments are similar in the two fits, the
CW-like temperatures are significantly less antiferromagnetic
in nature than those collected at higher temperatures [see
Fig. 2(d)]. In fact, the x = 1.8 sample has a positive
CW temperature such as that seen in the parent compound
Ho2Ti2O7.26
C. Heat capacity
The low-temperature heat capacity (Cp) was measured
using a standard thermal relaxation method between 0.5 to 30
K for HoTbTi2O7. The lattice contribution (Cl) was estimated
by scaling the specific-heat curve of Y2Ti2O7 (not shown in
the figure), and the nuclear Schottky contribution (Cn) was
estimated from Ho2GaSbO7.27 The magnetic heat capacity
displayed in Fig. 3 shows two anomalies at ∼17 and ∼2 K. The
broad peak observed at ∼17 K is reminiscent of a peak seen in
Tb2Ti2O7 centered approximately at 6 K. This originates from
a low-lying crystal field, which is broadened by an exchange
correlation field, something seen in many frustrated magnets.5
The ∼11 K (∼1 meV) difference in the heat-capacity mea-
surements of HoTbTi2O7 and Tb2Ti2O7 is also observed in the
neutron time-of-flight measurements as shown in Fig. 5(a).
It suggests that the local environment around the Tb3+ is
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FIG. 2. (Color online) (a) The inverse dc susceptibility χ−1 measured at the applied field of 2 T. The inset displays the linear deviation at low
temperature, where the magnetic correlations occur; (b) Curie-Weiss (CW) temperatures; and (c) the effective paramagnetic moments derived
from CW law at high temperature (200–400 K) ranges for HoxTb2−xTi2O7; (d) CW temperatures estimated by the data between 10 ∼ 20 K, and
in the applied field of 0.002 T. The error bars derived from CW fits are smaller than the data points. The lines are a guide for the eye.
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FIG. 3. (Color online) Low-temperature magnetic heat capacity
and the accumulated entropy of HoTbTi2O7 up to 30 K. The magnetic
heat capacity (Cm) is estimated by subtracting the contributions
from lattice (Cl) (not shown in the figure) and nuclear (Schottky)
(Cn). The value of accumulated entropy (Sm) is close to Rln4 +
R(ln2–1/2ln3/2). Cp is the measured, low-temperature, heat
capacity.
altered, which is not surprising since Ho3+ now occupies
half the magnetic sublattices. The heat-capacity peak at ∼2 K
was observed in both Ho2Ti2O7 (Ref. 24) and Tb2Ti2O7.5
The former was explained as the dipolar spin-ice temperature
and the latter as the magnetic correlation effect acting on the
single-ion ground-state doublet. These two contributions are
indistinguishable in our magnetic heat-capacity data. Integrat-
ing the magnetic entropy (Sm) of HoTbTi2O7 to 30 K, a value
close to Rln4 + R(ln2– 1/2ln3/2) is obtained. In Tb2Ti2O7 , the
accumulated entropy is just shy of Rln4 at 30 K for Tb2Ti2O7
(Ref. 5) elucidating the presence of four low-lying levels in
the spectrum (two doublets), and R(ln2–1/2ln3/2) represents
the residual entropy from a two-level system obeying the
ice rules, as discussed above and seen in the spin-ice parent
compounds.9,28 The low-temperature accumulated entropies in
other HoxTb2−xTi2O7 compounds are also estimated from their
magnetic heat capacities from 2 K up to 30 K, and are listed in
Table I. The values roughly scale between those expected for
Tb2Ti2O7 and Ho2Ti2O7. This suggests the strong single-ion
anisotropy of the individual rare-earth ions and the preferred
local correlations are accommodated in the bulk.
D. Neutron scattering
Neutron scattering experiments have been performed to
measure the spin-spin correlations and the inelastic excitations
TABLE I. HoxTb2−xTi2O7 entropies integrated from low-
temperature magnetic heat capacities, and the comparisons to the
scaled values for Rln4 and R(ln2–1/2ln3/2). The experimental data
are integrated up to 30 K for all the samples.
HoxTb2−xTi2O7
x Scaled values for
Rln4+R(ln2–1/2ln3/2)
Experimental
values
0.2 21.56 20.04(3)
0.5 19.38 17.43(2)
1.0 15.60 13.65(3)
1.8 9.64 9.73(1)
while lowering the experimental temperature. These studies,
using cold neutron scattering techniques, will help elucidate
any low-energy spectral weight, including low-energy crystal-
field levels. The experiments were carried out at the former
direct time-of-flight spectrometer DNS at the FRJ-II reactor,
Ju¨lich, Germany, using neutrons of 4.75 A˚ wavelength (and
3.6 meV incident energy) with an elastic energy resolution of
0.5 meV (FWHM) and 50 He-3 detectors covering scattering
angles up to 135◦. A 4.13-g powder sample wrapped in
Al foil was mounted in a helium bath cryostat to control
the temperatures between 1.5 K and room temperatures.
The spectrometer was calibrated using a reference vanadium
sample.
1. Elastic neutron scattering and mean-field theory calculation
The elastic neutron scattering from HoTbTi2O7 versus
temperature has been obtained by integrating intensities within
+/− 0.5 meV of 0 energy transfer. Figure 4(a) shows the elastic
neutron scattering spectra of different temperatures (lines) and
the growths of magnetic correlations, particularly below 50 K
with respect to the 150-K data (symbols) from HoTbTi2O7.
The scattering at 150 K is essentially paramagnetic apart from
large Bragg peaks associated with the chemical structure.
In addition, the data appear rather featureless, indicating
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FIG. 4. (Color online) (a) The elastic neutron scattering spectra
of different temperatures (lines) and the growths of magnetic
correlations, particularly below 50 K, with respect to the 150-K
data (symbols) from HoTbTi2O7. At 1.5 K, this broad peak is
well developed with a center of mass at ∼0.62 A˚−1 and a width
∼0.65 A˚−1; (b) the MF dipolar spin-ice fits (line) and the HoTbTi2O7
diffraction spectra (black circles) at 1.5 K. The anomalies at Q
∼1.74 and 2.06 A˚−1 are from nuclear peaks. The elastic neutron
scattering spectra have been obtained by integrating intensities within
+/−0.5 meV of the elastic line.
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essentially random spin correlations. Upon cooling to 50 K,
more of the spins slow down and the intensity increases. When
the temperature is further cooling down, more spin correlations
develop and a broad bump appears in the diffraction pattern.
The magnetic scattering has a liquidlike structure factor. At
base temperature, 1.5 K, it has a broad peak of magnetic
scattering with a center of mass at ∼0.62 A˚−1 and a (Gaussian)
full width of ∼0.65 A˚−1 [see Fig. 4(a)]. This low Q diffuse
peak suggests that a spin-ice local configuration is dominant in
the system. Note, as has been found previously, a mean-field
(MF) dipolar spin-ice model predicts the first correlation peak
at ∼0.59 A˚−1.7,29 Therefore, we applied the MF model for
dipolar spin ice (described in detail in Ref. 11) to the observed
spin correlations. The calculations are based on the dipolar
spin-ice model with 〈111〉 Ising spins, and contain the nearest-
neighbor exchange interactions as well as the long-range
dipolar interactions. The Ewald method is employed to obtain
the matrix elements of the dipolar interaction matrix.30 The
intensity versus Q fitted to the HoTbTi2O7 data at 1.5 K uses
the equation
I (Q) = C[f (Q)]2
∑
α
|Fα⊥(q)|2
[1 − λα(q)/TMF] ,
where q is a vector in the first Brillouin zone, Fα⊥(q) contains
information of the spin configurations in the mean-field theory,
λα(q) is the eigenvalue of the interaction matrix, C is a
proportional constant, and f (Q) is the magnetic form factor.11
When TMF is close to the largest λα(q), the computed intensity
shows low-temperature behavior of the spin system. The fitting
parameter TMF is 4.92(3) K, and a constant intensity is added
as a free parameter in the calculations to account for the
background of nonmagnetic origins. The results are displayed
in Fig. 4(b). It is clear that this model described the data
well, with small remaining discrepancies at Q ∼ 1.2 and
2.2 A˚−1 in the calculations that we cautiously attribute to
spin-liquid correlations similar to those seen in Tb2Ti2O7.11,12
The coexistences of Ho2Ti2O7 and Tb2Ti2O7 correlations in
HoTbTi2O7 indicate weak correlations between Ho3+ and
Tb3+. The system mainly consists of dipolar stabilized spin-ice
correlation and a small number of correlated spin-liquid ions.
2. Inelastic neutron scattering
One advantage of performing time-of-flight measurements
with a large detector array is that you get both the elastic and
inelastic scattering in the same measurement. The neutron
time-of-flight spectra taken at different temperatures are
shown in Figs. 5(a)–5(c). Because of the low incident energy
(3.6 meV), only low-energy excitations can be observed out
of the ground state. A magnetic excitation, out of the ground-
state, is observed at ∼2.5 meV at low temperature [Fig. 5(a)].
This mode is reminiscent of the crystal-field level seen at
∼1.6 meV in Tb2Ti2O7,14 however, the presence of Ho3+
in the compound has shifted the doublet to a higher energy,
consistent with the specific-heat results discussed earlier. In
addition, unlike the correlated spin liquid Tb2Ti2O7, this mode
does not soften at any wave vector. This excited mode is
washed out at elevated temperature owing to the thermal
population; however, it is seen on the negative energy side,
corresponding to a neutron energy gain and satisfying detailed
balance [Fig. 5(b)]. At 150 K [Fig. 5(c)], another energy level
arises at ∼1.5 meV. The temperature and |Q| dependence of
this mode confirms that it is a transition between two excited
crystal-field levels. In fact, a similar mode has been observed
in Ho2Ti2O7 at high temperatures.31 In Fig. 5(d), we show the
subtractions of 150–20 K. With this background correction,
a second |Q| independent mode can be seen on the neutron
energy gain side of the spectrum at h¯ ω = −4 meV. No other
excitations are observed below 12 meV. The lack of dispersion
in the lowest excitation of HoTbTi2O7 suggested the spin-spin
correlations are not as developed as those in Tb2Ti2O7. This
is probably a result of the underlying competition to comply
with the local ice rule configuration.
Ke et al. recently reported on a similar study on the
dysprosium analog of the spin ice.22 In this Dy2−xTbxTi2O7
study, the broad peak observed in heat capacity at ∼6 K
in Tb2Ti2O7 shifts to a higher temperature for DyTbTi2O7
(∼10 K) and even higher in our study of HoTbTi2O7
(∼17 K). This peak is interpreted as a Schottky anomaly
resulting from the excited doublet that is “broadened” by
exchange correlation fields. As Ke et al. concluded, these
results suggest that the mixing of the rare-earth site results
in an altered crystal-field scheme. This has been confirmed
in our neutron inelastic scattering measurements where the
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lowest excitation seen at 1.6 meV in Tb2Ti2O7 almost doubles
to 2.5 meV in HoTbTi2O7. However, we believe the spin
interactions are not perturbed significantly. The width of this
peak in Tb2Ti2O7 and DyTbTi2O7 are similar, and indicate that
the exchange correlations between rare-earth ions are similar5
and may have actually weakened since there is no dispersion
in the inelastic spectra. One must remember that when Tb
ions are exchanged for Ho or Dy, the local structure changes
because of the change in ionic radii (Tb3+ > Dy3+ > Ho3+),
which, in turn, will alter the splitting of the 2J + 1 degenerate
ground state of the rare-earth ions.
From a spin-ice perspective, the long-range dipole-dipole
interaction of spin-ice correlations is not disturbed signif-
icantly by the diluted Tb ions since the lattice parameter
does not change significantly. However, the Curie-Weiss
constant becomes more negative and, thus, the exchange
constant will change. This will drive the system towards the
Q = 0 antiferromagnetic state calculated by den Hertog and
Gingras.32
III. CONCLUSIONS
In conclusion, polycrystalline samples of HoxTb2−xTi2O7
have been synthesized and characterized by the powder
x-ray diffraction, specific-heat, magnetization, and neutron
scattering measurements. The CW temperatures estimated
from the magnetization measurements are of reasonable values
compared to the values of parent compounds Ho2Ti2O7 and
Tb2Ti2O7, and no magnetic long-range order was observed
above 2 K. Specific-heat measurements demonstrate that a
possible ground state of the system is a mixture of Ho2Ti2O7
and Tb2Ti2O7. The low-temperature accumulated entropies
scale to the appropriate ratio values of Rln4 for Tb2Ti2O7
and R(ln2-1/2ln3/2) for Ho2Ti2O7. No long-range ordering
was observed from the specific-heat measurements down to
the temperature of 0.5 K in the 50% mixture HoTbTi2O7.
Neutron scattering S(Q) has shown that the correlation in
HoTbTi2O7 is short ranged and has a tendency for the local
spin-ice structure at low temperature ∼20 K. Inelastic neutron
scattering experiments on HoTbTi2O7 show the first excited
doublet at ∼2.5 meV and the transitions between high-energy
excited states at ∼1.5 and ∼4 meV. The former can be traced
directly to the single-ion properties of Tb3+ and the latter is
reminiscent to excitation in Ho2Ti2O7. The results confirmed
the conclusions from the specific-heat measurements, that is,
the data can be interpreted as an ensemble of Ho2Ti2O7 and
Tb2Ti2O7 energy levels. The solid solutions of HoxTb2−xTi2O7
possess the local character of both Ho2Ti2O7 and Tb2Ti2O7
in the specific-heat and neutron scattering measurements.
The coexistence of Ho3+ and Tb3+ alters the precise energy
scales of each other but not the bulk properties. In hindsight,
these results are not too surprising if one considers the local,
single-ion properties of both Ho3+ and Tb3+ on the pyrochlore
lattice. The local environment results in the rare-earth ions
having a strong preference to lie along the local 〈111〉
axes. In Tb2Ti2O7, it is still not clear why this leads to a
spin-liquid ground state, but the net ferromagnetic coupling
in Ho2Ti2O7 leads to the spin-ice state. Both these states
have a considerable amount of degeneracy. Here, we are
doping Tb2Ti2O7, say, with a spin that wants to lie on the
same axes but might want a different configuration of nearest
neighbors. The liquid ground state of Tb2Ti2O7 can clearly
accommodate this perturbation. In Ho2Ti2O7, the long-range
dipole-dipole correlation makes the system insensitive to the
defects in the compound, and thus persists in the spin-ice
state.16,33 Terbium doping, at least lightly, can be considered
a defect that facilitates the emergence of quasiparticles known
as magnetic monopole.18,19 These elemental excitations are
defects in the two-in, two-out spin configuration on a given
tetrahedron. Tb doping would probably relax this constraint,
but this idea should be examined further with low-temperature
heat-capacity measurements on well-characterized samples.
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